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ABSTRACT 
 
Naturally fractured reservoirs are among the most complex types of reservoirs to produce oil efficiently, with their primary 
production normally reaching less than 30%. Therefore the implementation of a secondary or tertiary recovery mechanism is 
crucial in these reservoirs. Amongst the techniques used to increase the oil production, immiscible flooding (water or lean gas 
injection) and miscible flooding (enriched gas injection) represent a feasible option for enhancing the displacement process 
that can increase the oil production in these reservoirs due to the activation of the gravity drainage mechanism as well as a 
mass–transfer mechanism between the fluid flowing in the fracture and oil in the porous matrix.  
 
This project presents the results of simulation studies of different displacement processes (molecular diffusion and gravity 
drainage) to increase the oil production in NFR (Naturally Fractured Reservoirs). Firstly, an explicit representation of the 
matrix and fractures (fine grid single porosity model) will be used to evaluate the matrix-fracture interaction, which will be 
used as reference.  A double medium approach using current transfer functions, which are available in commercial software, 
will then be carried out to compare these techniques against the fine grid model. 
 
The results of the numerical experiments showed the weaknesses of double medium models, particularly when gravity and 
mass transfer are the predominant recovery mechanisms. These standard formulations available in commercial simulators have 
highly simplified models to capture gravity and diffusion effect that not capture the essential physics. 
 
This report aims to develop a brief review of displacement mechanisms that affect the recovery performance of fractured 
reservoirs, and will discuss the limitations of the existing dual porosity simulators for miscible and immiscible displacement 
process. Finally, proposals regarding the tuning of parameters will be made with the aim of improving the use of existing dual 
porosity simulators that will enhance the prediction of the performance of fractured reservoirs. 
 
INTRODUCTION 
 
Fractured hydrocarbon provides over 20% of the world oil reserves and production (Saidi, 1983). Examples of 
fractured petroleum reservoirs are: the Asmari limestone reservoirs in Iran, Austin chalk field in Texas, and the Giant Oil field 
in Saudi Arabia. The complexity of fractured reservoirs requires an accurate representation from a modelling and simulation 
perspective. 
 
The matrix block may contain a large oil reserve. Hence in order to maximize production and recovery from these reservoirs it 
is crucial to understand the mechanism that takes place in the matrix blocks and to simulate the recovery process accurately. 
Several models could be used to mimic the fluid flow in the fractured porous media. Several researches have been undertaken 
in order to model the performance of fractured reservoirs.  However, there are two models available in the petroleum industry: 
single and double porosity models. They will be briefly discussed.  
 
A conventional single porosity model (fine grid model) is used as an explicit representation of fractures. Nevertheless, with 
existing computational capabilities, the modelling of fractured reservoirs still take a prohibitive computational time that its 
application in a field study would be impractical. This is due to the massive number of grids that would be required to simulate 
matrix-fracture flow. Thus the most effective technique to model naturally fractured reservoirs has been through a dual 
medium approach that implies two types of domains with two ranges of porosity and permeability that are present in the rock 
volume, fracture and matrix. 
 
In the double porosity model approach, two overlapping media are considered: the matrix, which has a high storage capacity 
and the fracture with a high flowing capacity but lower storage capacity. The reliability of this approach depends on the 
accuracy of the so-called Transfer Function (TF) which mimics the fluid flow between the matrix and fracture. The TF was 
first proposed for single phase system (Barenblatt, Zheltov et al. 1960). The assumption is that there is no direct 
communication between matrix blocks due to the flowing region of the oil being confined to the network of fractures. They 
assume two media (fracture and matrix) that are overlapped and the equations of motion and conservation of mass are written 
Imperial College 
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independently for each. The transfer of fluid between the two media is accounted for by a source/sink function in the 
continuity equation (conservation of mass). The dual porosity method was used further to be introduced into the petroleum 
industry (Warren and Root 1963) by developing a pressure transient analysis for fractured reservoirs. Later on, Kazemi et al. 
(1976) presented a two dimensional two-phase water-oil model in which the matrix-fracture flow rate is related to the potential 
difference between matrix and fracture. The formulation takes into account imbibition forces, but it did not take in account 
gravitational forces. Several methods then addressed this problem, by including an explicit gravity term or through the use of 
pseudo relative permeability and capillary curves (Lemmonier and Bourbiaux 2010). 
This problem was overcome by the model given by Gilman and Kazemi (1983). This approach extended Kazemi’s 
formulations and includes the effect of the gravity between fracture and matrix by using two different fluid contact depths for 
the fracture block and matrix block. The assumption of this approach is the same mobility, permeability and fracture potential 
on all the six faces. Several weaknesses have been pointed out for this formulation (Abushaikha and Gosselin 2008), that the 
gravity term is added on all the fractures TF in the X,Y,Z directions which will create some overestimation of the speed of the 
recovery. 
 
Quandalle and Sabathier (1989) also proposed a new formulation to take into account accurately the gravity forces by 
decoupling the horizontal and vertical flows, and adding the viscous recovery term. The introduction of the dual porosity 
model for compositional model was developed in the late 80’s by Coats (1989). 
 
The drawback of these approaches as discussed in Abushaikha et al. (2008) lies over the pseudo steady state assumption that 
are used in the Warren and Root transfer functions( WRTF). Furthermore, Hoteit (2011), points out some issues that the 
available dual medium approaches have to address the molecular diffusion. Most of the current numerical simulators use the 
classical Fick’s law, which considers that the diffusion effect is proportional to the component self-concentration gradient and 
also that the diffusion of each component in a mixture is independent of the other components. 
 
In this project we will use the most common Warren&Root TF: K&G (Kazemi and Gillman, 1983) and Q&S (Quandalle and 
Sabathier, 1989) to upscale the fine grid model. In the next section we will review displacements mechanisms followed by a 
review of the formulations of the transfer functions which then will be used in our numerical studies.  
 
REVIEW OF IMMISCIBLE DISPLACEMENT MECHANISMS AND CO2 INJECTION 
 
Immiscible Displacement  
The displacement process in fractured reservoirs occurs when the matrix block saturated with oil is partially or entirely 
surrounded by another fluid, gas and/or water due to the expansion of the gas cap and/or aquifer in the reservoir. In order to 
study the influence of parameters involved in the recovery mechanisms, we will use a single matrix block to approach the 
displacement mechanism in fracture reservoirs. 
 
In this study the Oil Gas System (OG) aims to represent a single matrix block within the oil zone which is invaded by gas at 
the upper part of the reservoir as a result of the expansion of gas cap. Similarly, the Oil Water System (OW) represents a single 
matrix block within the oil zone that is in contact with the water at the lower part of the reservoir, due to the increase of the 
aquifer level. 
 
Oil Water System (OW) 
Generally the oil matrix block of the OW system can present 3 different types of wettabilities: water wet, mix wet and oil wet. 
In the case of a water-wetting rock, counter-current imbibition will take place whenever the wetting-phase in the fractures 
displaces the non-wetting phase (oil) saturating the matrix block. Capillary and gravity imbibition enhances oil recovery; so 
the maximum recovery can be reached. 
 
For mix wet and oil wet rock, the gravity forces will aid the water in advancing downwards into the matrix block, and oil 
buoyancy will aid the oil to flow towards the fracture, however this mechanism is impeded by the negative capillary forces in 
those rocks, the predominance of one of these contrasting forces can slow down or speed up the oil recovery according to the 
wetting, phase saturation and the ultimate oil recovery is determined by the equilibrium between the gravity forces and the 
capillary forces. 
 
Particularly, for mix wet rock, the capillary pressure direction is saturation dependent, where in the early recovery it acts on 
the same direction as the gravity force and after certain water saturation it acts against the gravity forces. The final recovery is 
when both forces are in equilibrium.  
 
Oil-Gas System (OG) 
For the OG system the oil matrix block is considered to be oil wet. The recovery for this oil wet rock will be controlled by a 
drainage process. Drainage displacement takes place when the wetting phase (oil), which saturates the matrix, is displaced by a 
non- wetting phase (gas), which saturates the fracture network. 
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In this mechanism the capillary forces will act against the gravitational forces, and therefore the displacement will result only 
if a gravitational force exceeds the capillary pressure. Furthermore, the final recovery will be governed by the equilibrium 
between these two forces, leaving unrecoverable oil in the matrix block. Therefore, the balance among gravity forces and 
capillary forces controls the matrix-fracture exchange of fluids. Gas-oil immiscible displacement in the form of gas-oil gravity 
drainage could contribute to substantial recovery in fractured reservoirs; however this effect is extremely disadvantageous to 
the final oil recovery, for small height matrix blocks and without vertical capillary continuity.  
 
Miscible Displacement  
 
CO2 Injection 
The gravity drainage process generally occurs, when the oil drains from the matrix as a result of the density 
difference between gas in fracture and oil in matrix. The process depends on several parameters such as size and permeability 
of matrix blocks, type of gas and oil, temperature, pressure conditions, and fracture width. 
 
For immiscible CO2 injection, it is well known that at higher pressures, the density of the CO2 becomes close to the density of 
the oil, leading to a weak gravity effect and therefore a low final oil recovery. However, CO2 injection can be an efficient 
process to enhance oil recovery, due to the high solubility of the CO2 in crude oil at high pressures. At higher pressures, oil 
mobility increases as a result of the dissolved CO2 swelling the oil and reducing its viscosity, counterbalancing the weak 
gravity effect (Moortgat and Firoozabadi 2009) . In reservoir engineering, for conventional reservoir, diffusion is less 
significant because convection is the predominate flow mechanism in most of the  recovery process, and  artificial dispersion 
produced by numerical methods in the majority of modelling approaches could be high enough to compensate for molecular 
diffusion and physical dispersion (Hoteit and Firoozabadi 2006). However, in naturally fractured reservoirs molecular 
diffusion can be the main drive mechanism, particularly for miscible gas injection in heavy oil reservoirs. For instance, CO2 
injection as an EOR technique in which the oil recovery may increase as a consequence of diffusion (Chordia and Trivedi 
2010).  
 
Diffusion can play an important role, depending on which parameters influence the process. CO2, such as hydrocarbon gases, 
can be used as an immiscible or a miscible gas injection depending on the reservoir conditions and the properties of the crude 
oil. The effect of diffusion was also pointed out in low permeability matrix blocks during gas injection process (Coats 1989). 
Hence, diffusion effect can be an important recovery mechanism in the oil recovery depending on the matrix block and fluid 
properties. Similarly, injection of the gas at fully miscible conditions has been revealed that it increased the final recovery 
(Verlaan and Boerrigter 2006). The mechanisms in place are mixing and IFT reduction. Mixing causes oil viscosity reduction, 
reduction of oil density in the matrix and an increase in the gas density in the fractures. IFT reduction causes increases in oil 
relative permeability, with no capillary hold-up and no capillary reimbibition. 
 
The governing mechanisms in fractures reservoirs under gas flooding (viscous forces, gravity drainage, molecular diffusion 
and mechanical dispersion) are usually interacting, rate dependent, and therefore may occur with varying levels of significance 
in different parts of the reservoir. 
 
DUAL MEDIUM MODELS AND CURRENT TRANSFER FUNCTIONS 
 
In this section, the K&G and the Q&S transfer functions are analysed: 
 
Kazemi and Gillman Transfer Function 
The Kazemi model is an extension of the single-phase flow equation derived by Warren-Root which is based on the 
assumption that flow towards the wellbore takes place in the fracture network and the matrix feeds the system with the stored 
hydrocarbons under semi-steady state flow conditions; neglecting the early time effect. The transfer function is a conservation 
of momentum function based on Darcy’s law. The 1st formulation proposed by Kazemi (1976) takes in account just the fluid 
expansion as a recovery mechanism. 
 
-------------------------------------------------------------------------------------- (Eq.1) 
This formulation was then improved by Kazemi and Gilman (1983). The K&G include gravity as an additional recovery 
mechanism. However it considered the same mobility, permeability and fracture potential on all the six faces.  
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---------------------------------------------------------- (Eq.4) 
 
Where sigma is: 𝜎 = 4 !!!! + !!!! + !!!!   ------------------------------------------------------------------------------------------------------------------- (Eq.5) 
 
 
Quandalle and Sabathier Transfer Function   
The transfer function developed by Q&S is based on the Warren-Root semi-steady state flow model. It takes into 
account four recovery mechanisms: expansion, capillary, gravity and viscous. The flow is defined on all the six faces of the 
block; each its property. The exchange flows are decoupled into a vertical and horizontal contribution, and this formulation is 
based on a vertical equilibrium approach and fracture average density. 
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Where  𝜎! = 𝜎! = 𝜎! = 4 !!!! + !!!! -------------------------------------------------------------------------------------------------------------- (Eq.9) 
 𝜎! = 𝜎!" = 2 !!!! ------------------------------------------------------------------------------------------------------------------------ (Eq.10) 
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However, in the Q&S formulation each face holds its mobility, permeability and face potential; in Kazemi they are assumed 
similar. 
Introduction of diffusion in dual medium model 
The rate of diffusion between fractures and matrix is related to mass transfer coefficients that are defined for both the liquid 
and vapour phases: 
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METHODOLOGY 
This project is organised first to develop our references cases for Oil Water (OW), and Oil Gas (OG) systems. These 
are the results of a 3D fine grid single porosity model simulating the hydrocarbon production from the matrix surrounded by 
the fracture network. Subsequently, a further sensitivity study has been conducted to evaluate the parameters that affect the 
recovery mechanism in NFR using the base cases for these 2 different systems. 
 
Likewise, we will validate the current transfer functions for dual porosity models (K&G and Q&S) through numerical 
experiments using ECLIPSE 100 and ECLIPSE 300; the up scaled models will be compared with the reference cases. All the 
recovery profiles are given with respect to time (logarithmic –x-axis). 
 
The understanding of these recovery mechanisms (gravity, imbibition and drainage) will further enhance the understanding of 
recovery mechanism for Gas miscible flooding, in which the diffusion effect will play an important role to oil recovery. In 
order to assess the effect of mass transfer in Gas miscible flooding (CO2 injection), a fully compositional simulation model has 
been applied to a numerical experiment. For the performance of this EOR technique, the fine grid single porosity model 
(explicit representation of the matrix and fractures) is again used as a reference case. These results are then used to benchmark 
the existing dual porosity (K&G and Q&S) formulations against the fine grid simulations. 
 
The development of a numerical model for this type of experiment must address the most important fluid exchange process 
that occurs between the matrix and fractures. The processes are gravity, diffusion and capillary (IFT) effects. The objective of 
these simulations was to tune some parameters in the double porosity model to match the fine grid model. A sensitivity 
analysis was first carried out to analyse the main parameters for the oil recovery in CO2 injection. The final part is a conclusion 
of the results and insights obtained through this work, with a discussion of areas of future work in NFR simulation. 
 
Model Description and Fluid Properties 
The main stages in the development of model are grid, fluid, rock properties definition and model initialization, which are 
discussed in the following sections. For this purpose OW case and OG system will be discussed, followed by the CO2 
injection. 
 
OW system and OG system  
 
Rock, PVT and Grid Data 
For our reference cases we modelled explicitly the matrix and the fracture in ECLIPSE 100. Due to symmetry throughout the 
matrix block in the x and y directions and the need to reduce computational time, we have modelled a quarter of the block in z 
direction. For the OW system the reference case will be mix wet with a geometrical distribution of 50x50x600cm for the 
matrix and 0.5cm fractures which surrounded matrix block. Similarly for the OG system the matrix will be oil wet, its 
dimension is 50x50x200cm and a fracture with 0.5 cm width surrounded it. The geometrical and petrophysical properties of 
the grid for the two cases are listed and illustrated in Table 1 and Figure 1. 
 
PVT and Petrophysical Properties 
Water density  at initial pressure(kg/m3) 1010 
Oil density  at initial  pressure(kg/m3) 650 
Gas Density at initial pressure(kg/m3) 1 
Water Compressibility( 1/atm) 4.50E-05 
Oil Compressibility(1/atm) 4.50E-04 
Gas Compressibility(1/atm) 2.50E-06 
Rock Compressibility(1/atm) 0 
Water Viscosity(Pa.s) 0.00022 
Oil Viscosity( Pa.s) 0.0005 
Gas Viscosity( Pa.s) 4.78E-05 
Matrix 
Permeability(m2) 1 
Porosity 0.3 
Initial Pressure(bar) 400 
Fracture 
Permeability(m2) 1.00E+05 
Porosity 1 
Initial Pressure(bar) 400 
 
Figure 1: Geometrical description of the fine grid model for Oil Water system. 
Table 1:(a) PVT and petrophysical properties for reference 
case 
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Matrix relative permeabilities and matrix capillary pressure curves for the OW case and OG system are given in Figure 2 and 3 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We will start assessing the effect of wettability on the oil recovery for the OW and OG system. There is one particular case 
known as “No_Pc” that has been run for both systems with the aim of assessing only the gravity effect. It stands for water wet 
matrix block, with zero capillary pressure on it.  
 
Subsequently, in order to carry out the sensitivity analysis of the key parameters for the oil recovery, the wettability of the OW 
and OG cases have been based on the criteria what wettability can allow us to analyse directly the influences of gravity and 
capillary forces acting against each other. Henceforth, the sensitivity analysis of the key parameters will be based in a mix wet 
and oil wet matrix block for OW system and OG system respectively. 
 
The fracture system is assigned straight line relative permeabilities, zero capillary pressure with high permeability (100 D), in 
order to negate the viscous forces relative to the capillary and gravity forces. As a result, we ensure that the matrix block is 
always surrounded by gas. 
 
Simulation Case Studies for black-oil sensitivity 
In this section a sensitivity study of the key parameters of displacement recovery mechanisms were carried out for two 
systems: OW, and OG. The table 2 listed the parameters that have been selected for the sensitivity analysis. 
Ø Wettability (Matrix block) 
Ø Height block 
Ø Oil density 
 
Double Porosity Simulators Test 
In this section, we validate the transfer functions with the fine grid reference cases. The 2 transfer functions available in 
commercial software (ECLIPSE 100 and 300) were tested: K&G (GRAVDR) and Q&S (GRAVDRM). 
 
CO2 Injection 
The numerical experiments have been simulated using a fully compositional simulator ECLIPSE 300, and all the fluid 
exchange is captured using the available molecular diffusion (DIFFUSE) and dynamic IFT-scaled capillary pressure options 
(PARACHOR). As mentioned earlier, in order to avoid long computational time, a quarter of the fine grid model has been 
simulated, and similarly to the OW case and OG case we represented manually the fractures and matrix in ECLIPSE 300 for 
our reference case.  The matrix and fracture are assumed to have negligible capillary pressures. 
 
Rock and PVT Data  
A matrix permeability of 1 mD and porosity of 3% were as a reference case for the matrix. In the model and simulation the 
temperature was 85 C and a base pressure of 447 bars was assumed for the numerical simulations experiments. At this 
Figure 2: (a) Matrix block relative permeabilities (b) Oil-water capillary pressure 
Figure 3: (a) Matrix block relative permeabilities (b) Oil-gas capillary pressure 
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pressure, the oil composition is in single phase. Gas and oil diffusion coefficients were calculated from the extended Sigmund 
correlation (Da Silva and Belery 1989). Figure 4 shows the matrix relative permeabilities of oil and gas.  
 
 
 
 
 
 
 
 
 
 
 
Grid data 
A three-dimensional 28x28x56 Cartesian grid with two regions was defined: the matrix block and the fracture block. The 
dimension of the matrix block is 12x12x12 m. The base case has been chosen with a matrix block of 12m x 12m x 12m. 
All simulations results are compared with this case. The fracture region was initialised with CO2 and the matrix block was 
initialised with Oil.  
Simulation Case Studies for compositional sensitivity 
This second part of the project considers the parameters that affect the recovery mechanisms performance in the injection of 
CO2 in Naturally fractured reservoirs; a sensitivity study has been conducted. 
The following parameters were selected for the sensitivity runs: 
Ø System pressure (P) 
Ø Permeability of the matrix (K) 
Ø Porosity of the Matrix block 
Ø Diffusion coefficient (Doil, Dgas) 
Ø Injected Gas 
 
Double Porosity Model Test 
The results obtained from our fine grid model are then used to test the existing double porosity simulators as is listed under 
table 3. The objective of simulations was to tune some parameters in the double porosity model to match the fine grid model. 
BLACK OIL 
Results 
 
Fine Grid Model Sensitivity Analysis  
Wettability 
For the OW system Figure 5(a), as expected the fine grid simulation of the matrix filled of oil surrounded by water showed 
that the oil efficiency is higher for water wet rocks in which there are two forces that push out the oil from the matrix to the 
fracture: gravity forces and capillary forces (imbibition). It is also worth mentioning that the capillary forces are the dominant 
mechanism; the effects can be clearly seen by comparing the water wet case and No_Pc case. 
 
The lowest recovery is achieved by the oil wet rock due to the impediment of the capillary forces; a mix wet is a combination 
of water wet case during the first interval of time, in which the Pc becomes zero and the oil recovery followed the kinetics of 
the No_ Pc case, due to the predominance of the gravity forces which is counterbalancing the negative capillary forces.   
Regarding the OG system (Figure 5(b)), the kinetics of the No_Pc case and Oil wet case are similar during a certain period of 
time due to the predominance of the gravity term, but then the negative capillary pressure start to acts against the gravity 
leading to a lower final oil recovery in the Oil wet matrix block.  
  
Figure 4: Matrix block relative permeabilities and oil-gas capillary pressure for CO2 injection. 
Matrix-fractures exchanges in naturally fractured reservoirs under EOR mechanisms 8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Height Block 
For a given capillary pressure curve, 3 single matrix block of different height behaves differently. The effect of the height 
block is similar for both systems: OG and OW case. The smallest block contains more unrecoverable oil, slightly more and 
more oil is recovered with higher blocks; as shown in Figure 6 (a) and (b). 
 
For the OW system, with mix wet matrix block, there are two stages: The first stage showed the predominance of the capillary 
forces over the gravity, this effect is enhanced when we have high height block, because of the larger interface of the fracture 
(included in the shape factor) which speed up the recovery. As soon as the Pc becomes negative, the oil recovery profile 
change. This second interval is governed by the gravity forces, so this force will be increase when the interface of the fracture 
is higher, which is with lowest height block. However this positive effect is contrasting with the increasing negative Pc, which 
limits the final recovery. Whereas the scenario is different for higher height block which are slower in the oil recovery rate but 
they have enough forces to produce more oil from the matrix. In the OG case happens the same description as the second stage 
for the OW case, this process as mentioned before is called gravity drainage.  
 
      
 
Figure 6: Effect of height block (cm) in the oil recovery (a) OW case. (b): OG case. 
 
Oil Density 
The gravity driven mechanism is directly dependent of the density difference. Nevertheless, the effect of oil density is different 
for OW system and OG system. The effect of the gravity forces is seen in this part for both systems: 
Figure 5: Oil recovery for different wet system (a) OW case: matrix block 25cm x25cm x2400cm. (b): OG case: matrix 
blocks 50cm x50cm x200cm. 
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Figure 7: Effect of oil density (kg/m3) in the oil recovery (a) OW case. (b): OG case. 
For OW system the gravity forces increase with lower oil density, however for OG system the increment in oil density results 
in a higher gravity forces. The final recovery is enhanced with higher gravity forces which allow us to produce more oil 
contrasting the negative capillary forces as shown in the Figure 7(a) and Figure 8(b). 
Validation of double porosity simulators  
For the Oil water system: 
Kazemi&Gillman: The recovery rate is slow during the early time as it can be seen in Figure 8(b), due to the assumption of 
semi-steady state regime.  Furthermore, because the gravity is accounted in all the six directions, the speed of the recovery is 
overestimated due to high height block (260 cm). 
Quandalle & Sabathier: Again the early recovery is slower than the reference case, but the kinetics of the fine grid model is 
matched.  
 
 
Figure 8: Validation of Transfer Functions for a OW system with a matrix block (76cmx76cmx260cm) . 
For the fractures filled of gas, so the Oil gas system, the reference case is presented to show the main features of the two 
commercial transfer functions: 
Kazemi & Gillman: Small overestimation of the speed of the recovery due to gravity effect.  
Quandalle & Sabathier: Good match to the kinetics of oil recovery for the whole period. However, it becomes slower over 
time.   
 
 
 
 
 
 
Figure 9:  Validation of Transfer Functions for an OG system with a matrix block (100x100x50 cm). 
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Discussion 
Fine grid model sensitivity analysis 
Wettability  
• For the OW system, the maximum recovery is reached due to the combined effect of gravity and capillary forces that 
push out the oil from the matrix. 
• For the OG case, in mix wettability two opposite forces coexist together, gravity and capillary forces, and the final 
recovery is governed by the equilibrium between these forces. 
Height block  
• Increasing the height block results in higher final recovery for both systems. 
Oil Density  
• Large oil density enhances gravity forces for OG case, therefore high final recovery. However this effect is negative for 
OW case where the oil density become close to water reducing the gravity forces that are not able to produce more oil 
from the matrix.  
 
Double medium test validation 
From the validation test of the current transfer functions for OW and OG case, it is clear that the two available options in 
ECLIPSE, Kazemi& Gillman and Quandalle& Sabathier failed to represent the early stage recovery, which are lower than the 
fine grid model, and they do not match the kinetics of the reference case in the whole period tending to be slower or faster. 
However, between these WRTF’s, the Quandalle& Sabathier represent better the gravity effect and its usage should be 
preferred. The weaknesses become evident for the OG system, in which due to the predominance of gravity forces, these 
double medium model does not mimic accurately oil recovery. 
COMPOSITIONAL MODEL  
Results 
Fine grid model sensitivity analysis  
The effect of Pressure 
The influence of pressure was assessed by running three simulations with 3 different pressures: 227 bars, 337 bars and 447 
bars. The recovery performance for these two cases are compared with the base case (447 bars) as shown in Figure10, which 
clearly shows that, in the early stage, the speed of the oil recovery reduces with increasing pressure (slope of the OE curve). 
The decrease of the gravity rate at high pressure during the first interval is because the density of the CO2 increases by 
incrementing the pressure of the system, so the dense CO2 prefers to move to the fractures rather than displacing the oil from 
the matrix with lead to slower oil recovery at the early stage. However, the behaviour particularly changes in the second stage. 
For this particular interval the influence of the pressure is positive, the recovery tends to be faster at the second interval at 
higher pressure leading to recover the maximum final recovery so this effect counterbalances the initial lower gravity. 
 
 
 
 
 
 
 
 
 
 
 
 
In order to focus our attention in this particular behaviour: Figure 11(a) presents the surface tension for one cell located in the 
middle of the matrix block; it showed that the IFT is lower for high pressures. 
 In this way, results highlight that the  reduction in IFT leads to improve ultimate oil recovery (Uleberg and Hoeir 2002).  
Particularly for the blocks at 447 bar the IFT in the three cells are close to zero. This phenomenon normally happens when the 
oil is miscible with the CO2.    
 
The advantage of miscibility at 447 bar, it is seen in the Figure 11(b), in which the oil recovery is accelerated for the diffusion 
case, however the final recovery is maximum in both cases due to the zero capillary pressures settled in the matrix block. 
It is expected that the diffusion case would reach a higher final recovery if the capillary pressure was present in the matrix 
block. 
Permeability of the Matrix 
The recovery versus time for these 6 cases (without diffusion) shows that the recovery will scale up as the permeability 
increases (Figure 12(a)) for our reference case.  
Figure 10: Slope of the Oil recovery (black dotted lines) to indicate the drainage rate for the Oil recovery profile for 160 years with and 
without diffusion. 
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Figure 11: (a) IFT for one cell along the matrix block. (b) Oil recovery for CO2 Injection for different pressure with and without diffusion.        
  
Figure 12: Oil recovery profile with a system pressure of 447 bar (a) Permeability effect on the Oil recovery. (b) Oil recovery profile with diffusion 
option activate for various permeabilities. 
However the most interesting results were obtained when the diffusivity option was turned on Figure 13(b). The oil recovery is 
higher for the diffusivity cases at lower permeability; this is due the predominance of mass transfer mechanism within this 
range of permeability values, in which the gravity drainage is penalized and the diffusion effect plays the major role for the oil 
recovery. In addition this figure also shows the gravity drainage as a main driven mechanism for higher permeabilities values.  
These results are in line with a recent published papers (Yanze and Clemens 2011). 
 
It is worth mentioning that for lower permeabilities, the recovery mechanism is governed by the diffusion effect, which is 
supported by Figure 13(a), one notices that the oil recovery increased sharply for this value of permeability whereas the 
recovery for high permeability( Figure 13(b) ), 20 mD does not change with and without diffusion, meaning that the gravity is 
the only recovery mechanism (Kazemi and Jamialahmadi 2009). 
  
Figure 13: Diffusion effect in (a) low permeability matrix and (b) high permeability matrix block. 
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Diffusion Effect 
The recovery performance shows the importance of diffusion in all simulations when the diffusion is taken into account in the 
model, the recovery increases due to both lateral flows (diffusion) and the gravity drainage mechanism. The simulations 
studies also showed that there are two stages in the oil recovery, predominance of combined gravity drainage and oil swelling 
at the first stage , followed by a second stage: governed by the extraction of light-intermediate oil components by CO2 which 
can be observed in Figure 14. 
 
The gas is transported from the fracture to the matrix primarily by lateral liquid-liquid diffusion between the under saturated 
oil inside the matrix and the saturated oil with CO2 at the inner surface of the matrix while at the same time gas enters from top 
of the block due to gravity drainage. Figure 15(b) shows the reduction of oil viscosity along the matrix in the diffusion case.  
 
The CO2 diffusion into the matrix causes oil swelling followed by viscosity reduction and consequently the oil easily can drain 
out from the matrix. The swelling mechanism and viscosity reduction stop as soon as the oil inside the matrix becomes 
saturated with CO2 becoming the gravity the dominant mechanism, however in the next stage the gravity effect is reduced due 
to vaporization of lighter oil which reduces drastically the oil mobility (high viscosity) so despite the existence of gravity 
force, we are not able to produce anymore.  
 
Figure 15(b) clearly shows that oil viscosity for one cell located in the centre of the matrix block, the increase in oil viscosity 
reduce the oil mobility, slowing down the recovery, this process is lower than the combined oil swelling and gravity drainage 
mechanism.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The diffusion mechanism help to the oil recovery because when it is considered in our model the CO2 invaded the matrix from 
the top due to small gravity forces, and lateral part of the matrix block because of the compositional gradient that are present 
between the matrix block and the surrounding fractures. Hence, diffusion speeds up the drainage rate.  
Porosity Effect 
From Figure16, it can be clearly perceived that the diffusion effect become the driven mechanism for high porosities whereas 
the gravity is predominance at low porosity. These results are in agreement for the characteristic drainage rate time proposed 
by (Wit, Clemens et al. 2002) in which the speed of the recovery for gravity drainage is directly proportional to the porosity 
 
 
 
Figure 14:  Oil profile recovery for our reference case with and without diffusion for CO2 injection 
Figure 15: (a) Gas saturation of one cell in the middle of the matrix block.  (b) Oil viscosity of one cell in the middle of the matrix block. 
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Gas Injected 
Figure 17 showed us how the drainage rate increase drastically when gas (methane) is added into the composition of the CO2, 
this is because the density difference is high when we add gas, which being lighter enhance the gravity forces speeding up the 
recovery. However, as previously discussed, CO2 is miscible with the oil at 447 bar, which causes an increase in the drainage 
rate, this is verified when the diffusion option is activated.  The miscibility increases the oil mobility helping us to produce oils 
faster than the case without diffusion because it enhances the vaporization process.  
 
 
 
 
 
 
 
 
 
Validation of double porosity simulators  
In order to validate the double porosity simulators, after our sensitivity analysis two cases were selected: 
Firstly, a case in which the gravity is the predominant recovery mechanism (P=227 bar and K=10 mD), followed by a second 
case in which the diffusion is the main recovery mechanism (P=227 bar and K=0.1 mD), so we can validate the dual medium 
approach in presence of gravity and diffusion effect. 
Predominance of gravity  
Kazemi& Gillman: Underestimation of the kinetics and ultimate recovery. 
Quandalle& Sabathier: The final recovery match the fine grid model, but the kinetics of the oil recovery profile is still 
insufficient. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16: Oil recovery for three different porosities. 
Figure 17: Oil recovery for three compositions: with and without diffusion. 
Figure 18: Validation of transfer function with predominance of gravity.  
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Predominance of diffusion  
Kazemi& Gillman: Overestimation of the drainage rate, when the oil swelling is the main recovery mechanism, being the 
diffusion a main mechanism that enhances the oil swelling, and because of the conception of shape factor that accounts for all 
the six faces surrounding the matrix block. 
Quandalle& Sabathier: The kinetics and the final recovery are mismatched by Q&S, because the shape factor for the diffusion 
option takes in account the six faces. 
 
 
 
 
 
 
 
 
Discussion 
Fine grid model sensitivity analysis 
In the second part, the simulation results that examined pressure, matrix permeability, matrix porosity, and the type of gas in 
the fracture system on oil recovery under CO2-oil gravity drainage.  
From our numerical results  we can conclude that the oil recovery when the fractures are filled of CO2 , present two zones: The 
first one, in which there is coexistence of gravity effect and oil swelling, playing the gravity forces the major role, followed by 
a second stage in which vaporization of lighter oil takes place. This second stage is further promoted by miscible condition.  
An additional increment in the speed of the oil recovery was found when the diffusion option was activated in our model for 
the mentioned pressure. 
Depending on the fluid properties, the rock, rock/fluid interactions, the gravity or diffusion may dominate. Particularly, the 
diffusion plays the main role to recover oil from the matrix, for higher porosity, higher pressure and lower permeability. 
 
Double medium test validation 
For the predominance of gravity forces, the prediction of the dual medium approach underestimates the final recovery with a 
slightly poor match of the kinetics of the oil recovery. 
However, when the diffusion plays the main role in the oil recovery, the dual medium model overestimates the drainage rate, 
because diffusion is considers in the six faces as can be seen from the equation 12., similarly to the gravity contribution  
CONCLUSIONS 
Ø The Transfer functions based in the Warren Root Transfer model, which are incorporated into commercial software, 
are subject to error, in particular for the early time in black oil model. 
Ø There is no accuracy in assessing the transfer flow between matrix and fracture when diffusion and gravity play the 
major roles to recover the oil from the matrix block for compositional model. 
Ø Generally, the current double porosity model cannot capture the fluid flow accurately between matrix-fracture 
whenever diffusion or gravity is the main driver mechanism.  
Ø Current transfer functions poorly represent the gravity recovery mechanism; Nevertheless, diffusion presents a major 
challenge for the dual medium approach. 
Further work and directions 
We have not tested yet novels transfer functions such as Subface Transfer functions (Abushaikha et al 2009) and General 
Transfer Function (Blunt et al 2008). The first one make the distance to the fracture of water saturation depend on capillary 
period and water saturation through the introduction of a Subface Pseudo Capillary Pressure Curves (SPCP), whereas the 
General Transfer function is based in an analytical solution that make the transfer function decouple in two terms: a saturation 
dependent term that represent (capillary and gravity) and a pressure dependent to model fluid expansion. This transfer function 
takes in consideration also the diffusion effect.  
 
Particularly, the Subface Transfer functions performed better for black oil model simulations as was reported in Abushaikha et 
al. (2009). However in its formulation it has not yet taken into account the diffusion term, but based in our sensitivity analysis 
we can derive and implement this additional recovery mechanism. 
 
Similarly, we can test the General Transfer function which already incorporate the diffusion effect, and through tuning 
parameters achieve a better prediction performance of fractured reservoirs. 
Figure 19: Validation of transfer function in presence of diffusion effect. 
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Nomenclature 
c = Rock compressibility, bar-1 SgfD = Kazemi&Gilman gas saturation of the fracture 
g = Gravitational constant, m/s2 SgmD = Kazemi&Gilman gas saturation of the matrix 
Pof = Pressure of the oil in the  fracture, bar SwfD = Kazemi&Gilman water saturation of the fracture 
Pom = Pressure of the oil in the matrix, bar SwmD = Kazemi&Gilman water saturation of the matrix 
Pcowm = Oil water matrix capillary pressure, bar h = Height block, m 
Pcowf = Oil water fracture capillary pressure, bar Ơ  Shape factor, m-2 
Γ = Mass transfer term for component, kg. m-3.s-1 λ = Mobility, cp-1 
ρ * = Average density in Q&S, kgm-3 C = Molar concentration, moles per unit volume 
S = Saturation Y = Mole fraction in the vapour phase 
ø = Porosity X = Mole fraction in the liquid phase 
Subscripts 
g = gas α = phase level 
m  = matrix F = Transfer function direction 
o = oil x,y,z,j = direction 
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Merrill, L. 
Porterfield, K. 
Zeman, P. 
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fractured reservoir numerical simulator for single 
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for the matrix/ fracture interface area per unit 
volume. 
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1983 Improvements in simulation of 
fractured reservoirs 
Gilman,J.R., 
Kazemi.,  H. 
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models. 
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high fractured reservoirs with small height block. 
The implementation of molecular diffusion in 
NFR simulators, single and double porosity. 
SPE RE 
4(4): 475-480 
1989 Typical Features of a 
Multipurpose Reservoir 
Simulator 
Quandalle, P. 
Sabathier, J. C. 
Franlab 
Description of a 3D reservoir simulator, that 
define a transfer function which separates viscous 
capillary and gravity forces in a matrix block.  
SPE 103990 2006 Miscible Gas/ Oil gravity 
drainage 
M. Veerlan, 
P. Boerrigter. 
 
The advantages of miscible gas flooding that 
enhance the gas oil gravity drainage(GOGD)  and 
final recovery, particularly for heterogeneous 
fractured reservoir 
SPE 113890 2008 Matrix Fracture Transfer 
Function in Dual –Medium 
Flow Simulation: Review, 
comparison and validation 
Ahmad S.A. 
Abushaikha 
Olivier R. 
Gosselin 
Evaluation of current WRTFs vs. a novel 
formulation GTF. It showed weaknesses during 
imbibition and drainage, in particular the G&K 
model, which is superseded by Q&S. The 
potential of GTF is highlighted for early times, 
but it still showed inaccuracy for the late time 
recovery. 
SPE 120894 2009 The effect of oil and gas 
molecular diffusion in 
production of fractured reservoir 
during gravity drainage 
mechanism by CO2 injection. 
Kazemi, A., 
and 
Jamialahmadi 
M. 
The importance of the calculation of diffusion 
coefficients, oil recovery enhanced by diffusion 
in miscible conditions. 
SPE J. 323-337. June, 
2009 
Numerical Modeling of 
Diffusion in Fractured Media for 
Gas-Injection and -Recycling 
Schemes  
Hoteit, H., and 
Firoozabadi, A 
A consistent model to incorporate physical 
diffusion of multicomponent mixtures for gas-
injection schemes in fractured reservoir. 
SPE 142724 2011 The role of diffusion of non-
miscible gas injection into a 
fractured reservoir 
 The role play by diffusion to increment the final 
recovery, the parameters that make significant 
the effect of diffusion 
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Journal of Applied Mathematics and Mechanics 
Volume 24, Issue 5, 1960, Pages 1286-1303  
Basic Concepts in the theory of seepage of homogeneous liquid in fissured rocks 
Authors:  
Barenblatt, G.I., Zheltov, I.P., and Kochina, I.N. (1960) 
Contribution: 
The introduction of the dual medium concept and modelling of the matrix-fracture interaction governing mass transfer 
between matrices and fractures in single phase through a “Transfer Function “ under the continuum  method approach.  
Objective of the paper:  
Study the basic concepts in fissured rocks. 
Methodology used: 
Represented the fractured reservoirs by two overlapping continua using mass conservation, the interaction between the flow in 
the matrix and fracture is accounted by a source term. 
Conclusion reached: 
Applied to a fractured reservoir, this concept considers that the fracture medium on the one hand, the matrix medium on the 
other hand, behave like two flow continua interacting together. 
Comments: 
The definition of the “Transfer function” allows the formulation for a dual porosity model would be very similar to a 
conventional single porosity model, except for the presence of the new transfer function. 
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SPE 426 (1963) 
The behaviour of Naturally Fractured Reservoirs 
Authors: 
 Warren, J.E. and Root, P. J. 
Contribution:  
Formulation and introduction of the well-known and widely used double porosity model to petroleum engineering, and a 
suggestion of an analytical method to characterise naturally fractured reservoirs in terms of their deviation from a 
homogeneous medium. 
Objective of the paper: 
Study of an idealized model analytic solution for single-phase unsteady state, radial flow in a naturally fractured reservoir. 
 
Methodology used: 
The assumptions on the model are: 
• Pseudo steady state flow between the matrix block and the fracture system. 
• Assumption that the matrix block act as a sink source term for the flow in the fractures. 
• Identical matrix blocks delimited by an orthogonal set of equidistant fractures oriented along the main 
directions of flow within the reservoir.  
Conclusion reached: 
The fractured reservoir is divided in two regions: one region with high storage volume and low permeability( matrix) and the 
second one with low storage volume but higher permeability( fracture). The fracture network is the place where the fluid 
flows, whereas the matrix is accounted just for the pore volume.  
Comments: 
The current double porosity formulations are based in this model. 
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SPE 5719(1976) 
An Efficient Finite-Difference Method for Simulating Phase Segregation in Matrix Blocks in Double-
Porosity Reservoirs  
Authors: 
Kazemi, H., Merrill, L.S., Porterfield, K.L. and Zeman, P.R. 
Contribution:  
The development of three dimensional, multiple well, naturally fractured reservoir numerical simulator for single or two phase 
flow and oil.  Introduction of the sigma factor of dimensionality, which accounts for the matrix/ fracture interface area per unit 
volume. 
Objective of the paper: 
To develop a simulator that accounts for relative fluid mobility, gravity force, imbibition, and variation in reservoir 
parameters. 
Methodology used: 
The simulation treats the reservoir as a whole. 
The simulator equations are two phase flow extensions of the single flow equations derived by Warren and Root. 
The fractures are treated as the boundaries of the matrix blocks 
Conclusion reached: 
Simulator accounts for relative fluid mobility, gravity effect imbibition, and variation in reservoir parameters. 
The simulator can be used to simulate the water oil displacement process and in the transient testing of fractured reservoirs. 
Comments: 
The sigma factor of dimensionality introduced in this paper is the reason why when there is predominance of gravity affects 
this TF overestimates the oil recovery. Even though is available in commercial software, its usage should be limited . 
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SPE 10511 (1983) 
Improvements in Simulations of Naturally Fractured Reservoirs  
Authors: 
Gilman, J. R. and  Kazemi,  H. 
Contribution:  
Extended the two phase Kazemi’s model to three dimensions and improved the formulation of gravity forces between fracture 
and matrix by using two different depths for the fracture and matrix nodes, and making it saturation dependent. 
Objective of the paper: 
Define a fully implicit simulator for double porosity reservoirs. 
Methodology used: 
Development of a numerical simulator for oil-water system, based in Kazemi’s extension of the Warren Root model. 
Conclusion reached: 
This double medium model computationally is less expensive that the single porosity model and can handle  severe  
heterogeneous system. 
Comments: 
Because it still account gravity in the six faces overestimates the speed of the recovery. 
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SPE 18427 (1989) 
Implicit Compositional simulation of single porosity and dual-porosity reservoirs 
Authors: 
Coats, K.H.  
Contribution:  
Introduction of a new transfer function that includes diffusion exchange between the matrix and fracture and add a new shape 
factor. 
Objective of the paper: 
Introduction of a new transfer function that includes diffusion exchange between the matrix and fracture 
Methodology used: 
Solution of the diffusivity equation in 1 –dimension (x-direction) to estimate diffusion transient time. 
Assumption that at high pressure Coats (4500 psia ≈ 306 bar) the Gas-Gas diffusion coefficient is approx. 0.001 cm2/s(≈1.e-7 
m2/s). 
Conclusion reached: 
Coats included the effect of diffusion in double porosity models. Diffusion coefficients for liquid-liquid diffusion are about 
100 times smaller than those for gas-gas diffusion. Liquid-gas diffusion coefficients are larger than liquid-liquid coefficients 
but still less than gas-gas diffusion coefficients. Therefore, Coats (1989) neglected gas-oil and oil-oil diffusion between 
fracture and matrix in his formulation and only gas-gas diffusion was considered. 
Comments: 
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SPE 19672 (1989) 
Molecular diffusion in naturally fractured reservoirs: A decisive recovery mechanism 
Authors: 
Da Silva, F.V and Belery, P.  
Contribution:  
Introduction of the effective diffusivity where diffusion in multicomponent mixtures is assumed to behave as pseudo-binary. 
Objective of the paper: 
Introduction of a new transfer function that includes diffusion exchange between the matrix and fracture 
Methodology used: 
Da Silva and Belery assessed the diffusivity effect in oil recovery from highly fractured reservoirs with low matrix 
permeability in the North Sea and in Africa. 
The oil components were C1, C2-C6, and C7+. The injected gas was N2. The simulations studies were done at 266 F and 4415 
psia. The maximum matrix block height was 4 ft. (≈ 1.22 m) in their simulations.  
Conclusion reached: 
Sigmund correlation is proposed to predict molecular diffusion for multicomponent mixtures. 
Diffusion phenomena play a big role for highly fractured reservoir with small height block. 
Comments: 
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SPERE 4(4): 475-480 (1989) 
Typical Features of a Multipurpose Reservoir Simulator 
Authors: 
Quandalle, P., Sabathier, J. C., Franlab 
Contribution:  
Defined a new transfer function separating the recovery mechanisms; expansion, capillary, and gravity.  
Objective of the paper: 
Develop a multipurpose reservoir simulator to address the need of an improved formulation of dual porosity model and 
compositional aspects. 
Methodology used: 
The transfer function developed by Q&S is based on the dual porosity concept. Formulation of the gravity contribution to 
matrix-fracture transfers through the estimation of a gravity head. The latter involves a given matrix block height per cell and 
time-dependent fluid densities in the fracture medium. In addition, the matrix –fracture transfer is expressed for each face of 
the parallelepiped blocks as a function of different terms representing the respective contributions of all involved physical 
mechanism of transfer, including viscous transfers linked to fracture flows. There were considered also the introduction of 
tuning parameters to match the fine grid simulation. 
Conclusion reached: 
The new formulation of Transfer function was more accurate than the previous versions, and allows evaluating individually 
the fluid flow due to capillary, gravity and viscous forces. 
Comments: 
This model is still considered the best option in available software for dual medium approach. However, there are still 
difficulties to captures the kinetics of the recovery when the gravity and the diffusion are the main driver mechanisms. 
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SPE 103990 (2006) 
Miscible Gas/ Oil gravity drainage 
Authors: 
Veerlan, M. and Boerrigter, P.  
Contribution:  
A better understanding and differences between miscible and immiscible gravity drainage and differences respect to regular 
gas injections.  
Objective of the paper: 
Discuss the modelling and up scaling better understanding of the miscible gravity drainage and differences respect to regular 
gas injections for mix wet and oil wet fractured reservoir.  
Investigation of the gas-oil mixing in the fracture, gas-oil mixing in the matrix in a explicit fracture model. 
Methodology used: 
A fine grid model with explicit representation of the matrix and fracture has been used first to study the gravity drainage for an 
immiscible gas Oil system, followed by a miscible gas –Oil system. These results were then applied to upscale to a dual 
permeability model. In order to build the dual medium model, so differentiate the two regions: matrix and fracture. Contrasting 
properties values of the matrix block and fracture network were assigned. The miscible gravity drainage is analysed through an 
upscaled heterogeneous model, comparing two cases: immiscible and miscible. 
Conclusion reached: 
Miscibility causes a reduction in the density and oil viscosity, adds the advantage of single phase flow and reduction in the 
interfacial tension that enhanced the Gas-oil gravity rate (GOGD) and ultimate recovery. From the upscale heterogeneous 
model, reimbibition represents the difference in the drainage rate between the miscible gravity drainage and immiscible gravity 
drainage. The drainage rate of the former is 20 times faster than the later, due to absence of reimbibition. So, therefore 
miscible gravity drainage is more suitable for heterogeneous fractured reservoir. 
Comments: 
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SPE 113890 (2008) 
Matrix Fracture Transfer Function in Dual –Medium Flow Simulation: Review, 
comparison and validation 
Authors: 
Abushaikha, A. S.A. and Gosselin, O. R. 
Contribution:  
Comparison, review and evaluation of some conventional and novel transfer functions.  
Objective of the paper: 
Discuss the modelling and up scaling better understanding of the miscible gravity drainage and differences respect to regular 
gas injections for mix wet and oil wet fractured reservoir.  
Investigation of the gas-oil mixing in the fracture, gas-oil mixing in the matrix in a explicit fracture model. 
Methodology used: 
A result of a fine grid explicit, single porosity model is defined as a base case to simulate the recovery mechanism in a single 
matrix block. Sensitivity analysis was carried out with the following parameters:  height block, shape of the matrix block, 
maximum capillary pressure, density difference, wettability, number of fractures open to flow. The choice of these parameters 
is due to the necessity to assess the competition between capillary forces and gravity. The main transfer functions are validated 
against the references, by using standard commercial software simulation on a fine 3D grid. 
In a second instance, the study of dual medium was carried out, sensitivity analysis of fours transfer functions (Classic 
Kazemi, Kazemi & Gillman, Quandalle & Sabathier and GTF) were carried out using a simple zero-dimensional numerical 
model to compute the transfer rate between matrix and fracture and then they were compared with the fine grid reference case. 
It is worth to mention that all the four TFs were coded (discretization of the ordinary differential equations) and then compared 
with the ones that are available in commercial software. Similarly a sensitivity analysis  
Conclusion reached: 
From all the conventional transfer function, the classic Kazemi formulation was found to have limit validation, whereas among 
the currently transfer function which are used in commercial software, Gilman and Kazemi represent very well the gravity 
drainage but it failed for mixed-wet systems where the gravity forces are in competition with the capillary forces.  Similarly, 
Quandalle and Sabathier being a model based on a vertical equilibrium, which splits the flow horizontally and laterally had a 
better accuracy than G&K. The Q&S performed better matching with all the tested cases, so it usage among commercial 
software is suggested. 
It is worth to mention that all WRTFs based did not gave an accurate representation during capillary imbibition. 
The validation of the GTF novel transfer function was successful, but it still showed weaknesses to represent the early time. 
Comments: 
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SPE 120894 (2009) 
The effect of oil and gas molecular in production of fractured reservoir during gravity 
drainage mechanism by CO2 injection. 
Authors: 
Kazemi, A. and Jamialahmadi, M. 
Contribution:  
Highlight the importance of diffusion, particularly this paper suggests incorporating the cross phase diffusion in the existing 
commercial simulators for compositional model. 
Objective of the paper: 
Investigation of the gravity drainage in CO2 injection in miscible condition.  Particular interest is to assess the effect of 
molecular diffusion during recovery mechanism. 
Methodology used: 
Different simulation model were generated to assess the diffusion effect in the CO2 injection. First two different 
configurations for the fractures were carried out: radial fracture and inner fracture. 
Three kind of gas were used to be injected into the fracture network using different gas injection ( CO2, C1-C3). Several key 
parameters that affect recovery mechanism were chose to carry a sensitivity analysis: configuration of the matrix block, 
diffusion effect, matrix permeability, lean gas injection, gas composition. Finally, a synthetic fractured reservoir model was 
used to analyse the diffusion effect. 
Conclusion reached: 
The coexistence of gravity and diffusion effect suggests that accurate diffusion coefficient measurements are critical in any 
field simulation for fractured reservoir. 
Comments: 
This study suggests that the diffusion coefficients are critical in any field scale simulation, and the recovery mechanisms for 
miscible CO2 are: Oil swelling, gravity drainage and oil extraction. 
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SPE 142724 (2011) 
The role of diffusion of non-miscible gas injection into a fractured reservoir. 
Authors: 
Yanze, Y. and Clemens, T.  
Contribution:  
A field case and simulation model that highlight the diffusion effect and make aware of the misleading recovery when 
diffusion is not incorporated in immiscible displacement process. 
Objective of the paper: 
To assess the role played by the diffusion effect in fractured reservoirs, under immiscible gas injection, this is produced mainly 
due to gravity drainage.  
 
Methodology used: 
A huge difference in permeability are assigned for matrix(low) and fracture(high), similarly to previous studies: (Verlaan and 
Boerrigter 2006) and (Kazemi and Jamialahmadi 2009)  to eliminate viscous forces. 3D grid model, in which the matrix block 
is initialized, filled of oil, and the fracture oil gas contact near to the bottom of the model. Using as a base the simulations 
without diffusion, these results are then compared when the diffusion option is incorporated into the simulator in order to 
assess. Similarly a sensitivity analysis of the following parameters: permeability, fracture spacing, and matrix block height 
were carried out to assess when the diffusion effect is predominant. Likewise, two immiscible gases are chosen to be injected 
into the fracture (Methane and CO2), 
Conclusion reached: 
The enhancement in oil production by diffusion up to 25% for immiscible displacement process is achieved due to diffusion 
and gravity drainage of the matrix gas components into the oil filled matrix  
The diffusion effect is promoted with: higher porosities, smaller fracture spacing, lower matrix permeability, and larger block 
heights. 
In order to assess the benefit of diffusion, it is important to understand which is the predominant forces to the oil recovery, and 
so on gas injection at low pressures can be detrimental or beneficial.  
 
  
Matrix-fractures exchanges in naturally fractured reservoirs under EOR mechanisms 29 
 
APPENDIX B: Physical description of the recovery mechanisms for the OW and OG system  
 
Oil-water system 
Block of matrix (6m height block) full of oil surrounded by water in the fracture, due to the expansion of the aquifer. 
Zone Datum depth(m) Pressure at datum depth(bar) WOC(m) Pc(bar) GOC(m) Pc(bar) 
Matrix 156 400 250 0 130 0 
Fracture 156 400 150 0 130 0 
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Figure 20 Description of the forces that act in the Oil- water system 
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Gas-Oil system 
 
Zone Datum depth(m) Pressure at datum depth(bar) WOC(m) Pc(bar) GOC(m) Pc(bar) 
Matrix 152 400 600 0 140 0 
Fracture 152 400 600 0 160 0 
 
Block of matrix full of oil (2 m height block) surrounded by gas in the fracture due to gas cap  
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Figure 21: Description of the forces acting in the Oil-Gas system 
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APPENDIX C: CO2 Injection 
 
Table 2: Total molar fraction of each component versus depth for two PVT regions. 
Depth 
(m) 
CO2 
(zi) 
GAS 
(zi) 
GPL (zi) 
FUEL 
(zi) 
CN1 (zi) CN2 (zi) CN3 (zi) CN4 (zi) 
3700 0 0.5446 0.0881 8.22E-02 0.0831 0.1944 0.0065 0.0011 
4000 0 0.45 0.093284 8.18E-02 0.082879 0.226106 0.047614 0.018352 
4106 0 0.3 0.126684 0.112023 0.105482 0.245 0.09 0.020811 
4200 0 0.19998 0.135673 0.118919 0.120539 0.264128 0.112982 0.047779 
4300 0 0.1 0.152647 0.133797 0.13562 0.258174 0.127005 0.092757 
4400 0 0.1 0.152647 0.133797 0.13562 0.258174 0.127005 0.092757 
3700 1 0 0 0 0 0 0 0 
4400 1 0 0 0 0 0 0 0 
 
Table 3: Diffusion coefficients of the species in oil and gas. 
 
 
  
 
 
 
 
Table 4: Binary interaction coefficient for the 8 components Peng-Robinson Fluid Characterization. 
 
 
 
 
 
 
 
 
 
 
 
Component  Reservoir Oil(m2/day) Gas (m2/day) 
CO2 9.42E-05 1.90E-06 
GAS(CH4+N2) 8.55E-05 2.45E-06 
GPL 7.03E-05 1.46E-06 
FUEL 5.38E-05 1.06E-06 
CN1 3.63E-05 8.73E-07 
CN2 2.53E-05 5.36E-07 
CN3 2.03E-05 4.04E-07 
CN4 1.66E-05 3.23E-07 
Component  P1 P2 P3 P4 P5 P6 P7 P8 
CO2 _               
GAS(CH4+N2) 0.000 _             
GPL 0.110 0.110 _           
FUEL 0.130 0.016 0.000 _         
CN1 0.120 0.100 0.000 0.000 _       
CN2 0.100 0.110 0.000 0.000 0.000 _     
CN3 0.100 0.120 0.000 0.000 0.000 0.000 _   
CN4 0.100 0.020 0.000 0.000 0.000 0.000 0.000 __ 
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Table 5: Fluid properties for 8 components by Peng Robinson EOS. 
Comp. Critical Temp(K) 
Critical 
Pres.(Bar) 
Critical Z-
factor Mol. Weight 
VCRIT 
(m3/kg) 
VCOMPACT( 
m3/kg) 
Accentric 
Factor Parachor 
CO2 304.2 73.8 0.3 44.0 0,0939 0,01966 0.2 78.0 
GAS(CH4+N2) 229.2 47.7 0.2 22.1 0,0924 0,0193467 0.0 77.0 
GPL 473.5 34.2 0.3 73.7 0,3082 0,0645309 0.2 190.0 
FUEL 587.0 26.4 0.3 118.2 0,4942 0,1034757 0.4 270.0 
CN1 663.2 20.5 0.3 180.8 0,7563 0,1817 0.6 500.0 
CN2 773.2 17.5 0.3 297.9 1125.0 0,2413 0.7 900.0 
CN3 963.2 14.3 0.3 550.0 1,83 0,3697 0.9 1300.0 
CN4 1773.2 6.9 0.3 1617.0 7.0 17305.0 0.9 2000.0 
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APPENDIX D: Double Porosity Model in Commercial Simulators for Oil-Water system and Oil-gas system 
 
In the RUNSPEC section, double porosity option is initialized by DUALPORO followed by one of the following gravity 
drainage/ imbibition options  
o GRAVDR  
 
The standard gravity drainage model is based on the K&G formulation.  
In this option sigma is used 
 𝜎 = 𝜋! !!!! + !!!! + !!!! --------------------------------------------------------------------------------------------------------------------(Eq.10) 
Where 𝐿! , 𝐿! , 𝑎𝑛𝑑  𝐿! represent the X, Y, and Z dimensions of the matrix blocks. 
 
o GRAVDRM  
 
An alternative gravity drainage model based on the Q & S formulation. In this option, Two SIGMAs are required in the grid 
section, one for the vertical transfer flow (SIGMAGD) and another for the horizontal flow (SIGMA). 
 𝜎! = 4 !!!! + !!!! ------------------------------------------------------------------------------------------------------------------------ (Eq.11) 
 𝜎!" = 2 !!!! ----------------------------------------------------------------------------------------------------------------------------- (Eq.12) 
 𝜎! is the horizontal shape factor(SIGMA). 𝜎!" is the vertical gravity drainage shape factor(SIGMAGD). 
The table 6 and 7 present the values of sigmas required for the two options of Transfer functions: 
 
Table 6 Values of shape factor for the two options available in ECLIPSE and the ratio of capillary forces and gravity for Oil-water system 
Matrix Shape 76 cmx76 cmx260 cm 50cm x50cmx600cm 25cmx25cmx2400cm 
Kazemi Sigma 4*((1/LX2)+(1/LY2)+(1/LZ2)) 1.4442E-03 3.2111E-03 1.2801E-02 
Q&S SigmaH(σH) 4*((1/LX2)+(1/LY2)) 1.38504E-03 3.20000E-03 1.28000E-02 
  SigmaGD(σV ) 2*(1/Lz2) 2.95858E-05 5.55556E-06 3.47222E-07 
R Capillary/Gravity 1.534E+00 6.649E-01 1.662E-01 
 
Table 7 Values of shape factor for the two options available in ECLIPSE and the ratio of capillary forces and gravity for Oil-gas system 
Matrix Shape 100cmx100cmx50cm 50cmx50cmx200cm 25cmx25cmx800cm 
Kazemi Sigma 4*((1/LX2)+(1/LY2)+(1/LZ2)) 2.400000E-03 3.300000E-03 1.280625E-02 
Q&S Sigma(σH) 4*((1/LX2)+(1/LY2)) 8.000000E-04 3.200000E-03 1.280000E-02 
  SigmaV(σV ) 2*(1/Lz2) 8.000000E-04 5.000000E-05 3.125000E-06 
R Capillary/Gravity 3.270E+01 8.175E+00 2.044E+00 
 
Capillary/Gravity= PcMAX/ ∆ρgh----------------------------------------------------------------------------------------------- (Eq.13) 
 
 
